In this work, the very weak exothermic formation reaction of MgAl2O4 spinel is successfully conducted in a self-sustaining manner with the advantages of energy savings, high reaction rate and highly porous product. The energy and Al2O3 required for this reaction are obtained from the combustion reaction of TiO2-B2O3-Al while MgO is added to the reactive mixture. Ignition of the reaction mixture is carried out at room temperature despite the dilution effect of MgO (19 vol%). Reduced aluminium grain size and preheating the reactant before ignition were found to be very effective to complete the formation reaction of MgAl2O4 spinel. Thermodynamic calculations of adiabatic combustion temperatures and spinel molten fractions at different initial temperatures were carried out. Oxidation resistance study of this new composite shows that it can safely work up to 600°C in open atmosphere and that 700°C is considered to be its threshold oxidation temperature.
Introduction
Magnesium aluminate spinels (MgAl2O4) are known to offer a desirable combination of mechanical, chemical and thermal properties both at ambient and elevated temperatures. Its good chemical stability, high melting point and good mechanical strength contribute for its wide applications in ceramic materials especially as refractory. 1) As a porous material, magnesia spinel shows potential for use in electronic humidity sensors and as a catalyst or a catalyst support in the fields of environmental catalysis, petroleum processing and fine chemical production. 2)-3) Due to its low acidity and good thermal stability, it has been long used as catalyst support for catalytic steam-reforming of methane and propane dehydrogenation. 4)- 5) There are several processes such as co-precipitation, 6)-7) spray drying, 8) freeze drying, 9) and spray pyrolysis 10) by which magnesia spinel can be synthesized. However, none of these processes is suitable for manufacturing of spinel in bulk quantity. The common feasible route for manufacturing magnesia spinel is the solid oxide reaction sintering. This involves sintering of MgO and Al2O3 blends at 1600 to 1800°C for several hours. A two stage firing process was usually employed, a first one to complete the spinel formation and a second one to densify the formed spinel, which adversely affects the economy. 11)-13) An alternative method for fabrication of ceramic materials is the self-propagating high temperature synthesis (SHS) or combustion synthesis (CS).
Combustion synthesis is a promising technique for synthesizing advanced ceramics and new composites in a very simple short way. 14)-16) However it is limited only to highly exothermic reactions such that endothermic reactions, low and very low exothermic reactions cannot proceed by this method. On the other hand, one serious outcome of the CS is the high energy released from the exothermic reactions. Most of the researchers focused only on utilizing this energy in conducting insitu densification of the combustion products. 17)-19) Horvitz and Gotman 20) produced MgAl2O4/TiAl composite by CS of a blend of TiO2, Mg and Al powders where all the blend components were reactive and the evolved heat was used only in densification of the product. However, successful management of the heat released from CS can also be used in generating side reactions which cannot proceed in a self-propagating style. In our previous work, 21)- 22) we successfully prepared mullite/TiB2 and zirconia-mullite/TiB2 composites depending on this idea. To the best of our knowledge, no available literatures mentioned the synthesis of porous magnesia spinel/TiB2 composite. Introducing TiB2 with its high hardness and low electrical resistance into magnesia spinel matrix will help in producing a new composite combining several advantageous properties such as mechanical, electrical and chemical properties that can be used as a catalyst support.
The objective of the research reported here is to conduct the formation reaction of MgAl2O4 in a self-propagating mode in order to obtain insitu porous MgAl2O4/TiB2 composite. This will be accomplished by utilizing the Al2O3 and heat released from the highly exothermic reaction of TiO2, B2O3 and Al, to perform a side reaction with the externally added MgO. The effect of Al grain size, preheating temperature on the reaction completion, microstructure and pore morphology is studied.
Experimental procedure
The materials used in this study were titanium dioxide of 98% purity and < 1 μm particle size (Nice Chemical Pvt. Ltd., India), aluminum metal powder of 99.5% purity and different grain sizes -63, -36 and -20 μm (GFS Chemicals, Inc., USA), boron oxide B2O3 of ≥ 97% purity and less than 32 μm grain size (Fluka Chemical Co., USA) and MgO 99% purity and < 5 μm particle size (BDH Chemicals Ltd., England).
The powders were mixed in the required molar ratio to form 5/3MgAl2O4-TiB2 composite and dry blended in a slow rotating † Corresponding author: Z. I. Zaki; E-mail: zakimohamed2000@ yahoo.com JCS-Japan mill with alumina ball for 5 h. The powder mixture was uniaxially pressed without binder at 78 MPa into cylindrical compact of 20 mm height and 10 mm diameter to approximately 55% relative density.
The compact was transferred to combustion reactor and placed on a movable graphite plate. The reactor was evacuated and backfilled with pure argon at one atmosphere. The initial temperature of the green compact was increased using a resistance coil and was kept constant for 10 min before ignition. The ignition was carried out using a thin graphite electrode 7 mm diameter ~1 mm above the compact. The electricity was supplied from an AC power source (30 -40 A). The combustion temperatures were recorded using thermocouple of type C (tungsten 5% rheniumtungsten 26% rhenium, The Nilaco Corporation, Japan) of 0.2 mm thickness with bead size of approximately 0.4 mm. Data acquisition board (NI-DAQ 6023 E series, National Instruments Co., USA) was used to acquire the output mV from the W-Re thermocouple using a separate channel and configured to collect data at a rate of a sample each 15 millisecond. The wave velocities were measured using two thermocouples of type C 10 mm far from each other. Detailed procedure of carrying out combustion reaction was previously published. 23) Different phases of the combustion products were identified by X-ray diffraction analysis using X-ray diffractometer (D8 Advanced Bruker AXS, GMbH, Karlsruhe, Germany). This instrument and its accompanied evaluation software (EVA software) were also used to perform semi-quantitative analysis of different product phases. Microstructure of specimens was investigated using scanning electron microscope (SEM; Model JSM-5410, JEOL Ltd., Tokyo, Japan) equipped with electron dispersive spectroscopy (EDS). SEM investigation is conducted on polished sections coated with gold to ensure good electrical conductivity of the entire components of the sample. Surface area was measured using quanta chrome instruments, Nova series 2000, USA. The combustion product porosity was measured using Archimedean's method.
Results and discussion

Thermodynamic calculations
The combustion reaction between titania, boron oxide and aluminium is highly exothermic according to the equation:
On the other hand, the reaction between magnesia and alumina to form spinel is very weak exothermic reaction:
Addition of MgO to the reactant of reaction(1) in a stoichiometric amount equivalent to the quantity of liberated alumina generates the overall reaction(3):
Reaction (3) is more exothermic than reaction(1). Although reaction(2) between the alumina and MgO cannot proceed alone by self-sustaining manner due to its very weak exothermic character, the heat released by progress in reaction(1) can boost spinel formation reaction, reaction (2) .
The adiabatic combustion temperature, Tad, of reaction(3) and the molten fraction of spinel phase can be calculated at any initial temperature, To, using the following general equation:
Where, ΔH r,298 is the enthalpy change of reaction (3), Cp is the specific heat capacity, γ is the fraction of molten spinel and ΔHf, MgAl2O4 is the enthalpy of fusion of spinel. 24) The adiabatic combustion temperatures as a function of preheating temperature for the combustion reaction(3) are calculated and given in Fig. 1 . The adiabatic combustion temperature at 25°C has a value of 2135°C which is the melting point of magnesia spinel. The calculation shows that about 24.4 wt% of spinel is in a molten state. This means that a portion of heat released from reaction(3) (834.9 kJ) heats up the combustion products to 2135°C while the rest (75.7 kJ) is consumed in transforming 24.4 wt% of spinel into molten state.
Raising the preheating temperature up to 651°C causes no change in the values of the adiabatic temperature which still constant at the melting point of spinel. This is because additional amounts of energy given to the reactant in the temperature range 25°C to 651°C are consumed in transforming consecutive amounts of spinel phase into molten state which results in stabilization of the adiabatic temperature at 2135°C. At 651°C, the amount of heat donated to the reactant (234.4 kJ) in addition to the heat released from reaction(3) (910.6 kJ) becomes equal the minimum amount of energy required to melt the entire quantities of spinel. Above 651°C preheating temperature, the values of the adiabatic temperature start to increase again due to heating up the solid TiB2 and the molten spinel.
Combustion synthesis of Spinel-TiB2
Effect of aluminium grain size
The combustion reaction(3) is successfully ignited at room temperature despite the dilution effect due to MgO additions (19 vol%) or the different grain sizes of Al (< 63 to < 20 μm). The measured combustion temperature was about 2005°C without significant changes with reducing Al grain size under the experimental conditions. XRD analyses of the combustion products, Fig. 2 , show the formation of MgAl2O4 and TiB2 as the major phases beside little amounts of Al2O3 and lower oxide of titania (Ti2O3). It can be noted that the patterns' intensity of lower oxide 
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of titania and un-reacted alumina decrease with reduction of Al particle size. Therefore it can be mentioned that lower Al particle sizes enhances both the reduction of TiO2 and spinel formation reactions. The diffraction pattern of lower titanium oxides is completely vanished using -20 μm Al particle size. However, tiny amounts of Al2O3 still appear in the combustion products which indicate incomplete reaction between Al2O3 and MgO.
The incomplete reaction between MgO and liberated alumina may be because either the amount of energy liberated by igniting the compact at room temperature is not enough and consequently additional heat should be given to the reactant before ignition or one stoichiometry value of MgO is not sufficient.
Effect of preheating temperature
Boosting the self-sustaining formation of spinel can be achieved by pre-heating the reactants prior to the ignition. Preheating the reactant is usually used to induce the less exothermic reactions to proceed in a self-propagating style where higher adiabatic temperatures and reaction rates are attained. 23) Green compact containing -20 μm Al particle size is heated at 300°C prior to ignition and XRD patterns corresponding to the combustion product is given in Fig. 3 . The peaks' intensity corresponding to alumina is completely disappeared which indicates a complete reaction between the liberated alumina and MgO. These results imply that raising the initial temperature enhances spinel formation and no further need of extra MgO additions. It is worthy to mentioned that although the adiabatic temperatures are the same (2135°C) at room temperature and 300°C, the total system energy at 300°C (1001 kJ) is higher than that at room temperature (910.6 kJ) which leads to speeding up the reaction between alumina and magnesia to be completed within the very short time of combustion reaction. Semi-quantitative analysis of the combustion product preheated at 300°C shows the formation of a composite containing 74 wt% of spinel while the rest is TiB2 which is close to the theoretical values (77 wt% TiB2 and 23 wt% spinel) calculated according to Eq. (3). Figure 4 shows the microstructure of the combustion products prepared at different conditions. Generally, magnesia spinel (dark gray phase) is identified with its distinctive cubic structure which is commonly noticed in all the combustion products. Very small titanium boride grains (bright grains) are developed at the grain boundaries of the spinel structure. Individual collections of TiB2 grains have been noticed in case of sample synthesized at higher initial temperatures, Fig. 4(d) . In case of samples ignited without preheating, TiB2 rich areas were found embedded in molten spinel matrix. Table 1 dedicates the effect of both aluminium particle size and initial temperature on the total porosity and active surface area of the combustion products. It can be seen that higher porosity and surface area are favoured by decreasing the Al particle size and increasing the initial temperature. The pores morphology, Fig. 5 , seems to represent the profile of the combustion JCS-Japan wave propagation as encountered in previous work. 25) In case of no preheating and higher Al grain size (-63 μm), the pores are arranged in parallel layers that are separated with radial pores with a limited number of interconnections. This typically represents the pulsating mode of wave propagation with its lower wave velocity (1.5 mm/s) which usually produces laminated structure composed of alternative layers of materials and radial pores. 25) Decreasing Al particle sizes (-20 μm) is accompanied by a slight increased wave velocity (2.3 mm/s) and improved wave propagation. This behavior reduces the diameter and length of radial pore and develops some interconnections between the layers. Preheating the sample before ignition at 300°C change the wave propagation style into steady planner with higher velocity (6.2 mm/s) such that radial pores are significantly eliminated. Preheating the sample before ignition also enhances both the porosity and surface area through developing much interconnection. Some of the interconnections between the layers are found to be highly rich TiB2 areas, Fig. 6(d) . This can be explain as follows; at higher preheating temperature higher percentage of molten spinel is infiltrated out of the combustion zone leaving TiB2 (solid state) and some residual spinel. Many reasons have been reported which contribute to the porosity arises due to SHS reactions. 14) , 26) These include gases evolution during the reaction, difference between the molar volume of the product and that of the reactant in addition to the initial porosity of the green compact.
Microstructure and pore morphology
Oxidation behaviour
Oxidation resistance was investigated for compact prepared at 300°C using -20 μm Al grain size in order to determine the maximum possible working temperature. The oxidation of the combustion product was carried out at different temperatures up to 1000°C for 4 h and the results are given in Fig. 6 . Below 700°C, no weight changes are noticed. However, at 700°C and up to 800°C, oxidation is started but with a very low rate. Above 800°C, the oxidation rates become critical and the weight gain rapidly increases in a linear approach and reaches about 18 wt% of specimen at 1000°C (73% of its theoretical value related only to TiB2). The noticed linear oxidation performance could be related to the high porosity and surface area of the specimen in addition to the presence of rich TiB2 areas. XRD patterns of the sample investigated at 700-1000°C are given in Fig. 7 
Conclusions
Self-propagating high temperature synthesis has been successfully utilized to conduct the very weak exothermic formation reaction of magnesia spinel where the alumina and energy required for this reaction are offered by the highly exothermic formation reaction of TiB2/Al2O3 composite. By this way, magnesia spinel containing about 26 wt% TiB2 has been prepared in a self-sustaining manner. Lowering the Al grain size to -20 μm and preheating the compact at 300°C help in completing the spinel formation reaction. Depending on the noticed oxidation performance of the prepared porous MgAl2O4/TiB2 composite, 
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this product could be used as a catalyst support that can safely work up to 600°C in open atmosphere and that 700°C is considered to be its threshold oxidation temperature.
